Coal ash, a material generated from coal-fired power plants, can be classified as fly ash and bottom ash. The amount of domestic fly ash generation is almost 6.84 million tons per year, while the amount of bottom ash generation is 1.51 million tons. The fly ash is commonly used as a concrete admixture and a subsidiary raw material in cement fabrication process. And some amount of bottom ash is used as a material for embankment and block. However, the recyclable amount of the ash is limited since it could cause deterioration of physical properties. In Korea, the ashes are simply mixed and used as a replacement material for cement. In this study, an attempt was made to mechanically activate the ash by grinding process in order to increase recycling rates of the fly ash. Activated fly ash was prepared by controlling the mill types and the milling times and characteristics of the mortar containing the activated fly ash was analyzed. When the ash was ground by using a vibratory mill, physical properties of the mortar mixed with such fly ash were higher than the mortar mixed with fly ash ground by a planetary mill.
Introduction ince the industrialization in the 19
th century, energy usage has been sharply increased, and the usage of fossil fuels also tends to be increased. In addition, as environment pollution problems due to combustion gas and coal ash, etc. during combustion process of fossil fuels are also emerging, studies on recycling methods of the coal ash are being consistently conducted.
1)
Domestic generation of coal ash is on the level of 8.35mil-lion tons/year, about 80% of which is reported to be fly ash (6.84 million tons) and 20% bottom ash (1.51 million tons).
2)
In general, the fly ash is used as a concrete admixture, a subsidiary raw material for cement, etc., while the bottom ash is used as a bank material, etc. However, not only most of bottom ash but also some flay ash is used for landfill.
3-4)
Accordingly, the landfill amount of coal ash is being gradually increased, which is also attributed to an increase in generation of coal ash exceeding specification (unburned carbon of more than 5%) due to the use of low-grade coal.
5)
In domestic mortar and concrete plants, purified and residue fly ash are used mixed, where the residue fly ash is used mostly after undergoing milling process. At this time, fineness of the residue fly ash is controlled to 3, 0003 ,500 cm 2 /g, which is to meet the fineness criterion (higher than 3,000 cm 2 /g) for KS L 5405 fly ash (based on type 2). On the other hand, the purified fly ash is used in unground state as the fineness criterion is exceeded. However, in some advanced countries such as US, etc. the purified ash is also used after milling, in the process of which a vibratory mill, etc. may be employed. 6) For milling of the fly ash, fullpledged studies have been conducted since 1990's, with its study and utilization having occurred primarily in US, Europe and Canada, etc. In the latter half of 1990's, V. M. Malhotra and O. Kayali et al. have studied strength enhancement effects as a function of fineness of fly ash. These authors published that strength values were rather reduced beyond a certain fineness although strength characteristics were improved as the fineness of fly ash was increased. [7] [8] In the early half of 2000's, Vladimir Ronin et al. conducted studies on activation of fly ash, and claimed that activation was attributable to particle defects (crack, dislocation, etc.) produced during milling process.
9-10)
Although the usage of active fly ash developed by them, i.e. substitution of cement with active fly ash was on the level of 30~50%, domestic usage of fly ash is still on the level of only 10~15%.
In the present study, active fly ash for an increase in substitution for cement was manufactured by using purified fly ash produced in the domestic N powerplant as a byproduct. To prepare active purified fly ash, each powder characteristics were analyzed and evaluated by diversified control of mill types and milling times, etc. In addition, workability and compressive strength characteristics of the mortar mixed with fly ash as a function of milling conditions were S Communication analyzed in an attempt to derive optimum activity conditions.
Experimental Procedure
To analyze and evaluate physicochemical characteristics of fly ash as functions of mill types and milling times, fly ash produced at the thermal power plant of domestic N Company was received for use. Also, as a mill to manufacture active fly ash, a vibratory mill (WTVM, Woongbi Machinery, Korea) and a planetary mill (Pulverisette 5, Fritsch, Germany) were employed as shown in Fig. 1 . Chemical composition of fly ash was analyzed by the wet method, particle size distribution measured by a particle size analyzer (LA-950V2, Horiba, Japan), crystalline phases analyzed by X-ray diffraction analyzer (D5005D, Ziemens, Germany), and microstructure observation conducted by using a scanning electron microscope (SM300, Topcon, Japan). In addition, a transmission electron microscope (JEM-2000EX, Jeol, Japan) was employed for microstructure observation of active powders.
Also, to evaluate strength characteristics of fly ash as a function of mill type and time, manufacturing experiments for cement mortar were conducted according to "Strength test method for cement (KS L ISO 679)". For cement, OPC (Type 1 Ordinary Portland Cement) of domestic H Company was used, along with KS standard sand sold domestically being used as the standard sand. Here, the usage of fly ash substituted for 10% of cement (45 g of fly ash + 405 g of OPC), and thus-prepared specimens were cured in water of constant-temperature water tank at 21 o C for 3 days, 7 days and 28 days for measurement of compressive strengths per material age. Also, to analyze and evaluate workability of mortar mixed with fly ash, flow experiment was also conducted in accordance with "Compressive strength test method for hydraulic cement mortar(KS L 5105)". In addition, crystalline phases and microstructures were observed for hydrates of cement mixed with fly ash. Table 1 .
Results and Discussion
As indicated in Table 1 , SiO 2 content in fly ash was 49.9% Al 2 O 3 content 19.2%, unburned carbon content 2.64%, with small amounts of alkali components being also present. In general, to use the fly ash as an admixture for cement and concrete, the ignition loss for fly ash should be controlled to be less than 5%, and the ignition loss is expressed to be usable as a scale for the amount of unburned carbon according to "Guideline for quality management of remicon and ascon (Announcement from Ministry of Land, Infrastructure & Transport No. 2014-300)". Therefore, the amount of unburned carbon (2.64%) in Table 1 could be inferred to show the fly ash having satisfactory quality. To check for crystalline states of fly ash, crystal phase analysis was conducted by using an X-ray diffraction analyzer, as shown in Fig. 2 . Although the fly ash was presumed to be an amorphous substance showing a hollow state in the range of 15~35°, some quartz (SiO 2 ) and mullite (3Al 2 O 3 · 2SiO 2 ) were also observed.
Observation results for microstructure of fly ash by using a scanning electron microscope are shown in Fig. 3 . As shown here in Fig. 3 , the fly ash was observed as a substance of spherical shape, due to which workability is known to be improved by manifesting ball bearing effects when mortar or concrete is mixed. 
Analysis of characteristics of fly ash as functions of mill types and milling times
Milling characteristics of fly ash as functions of mill types and milling times are analyzed and evaluated. In the present study, the mill types were fixed to be the planetary mill and the vibratory mill. The planetary mill produces centrifugal effects of more than a few ten times by revolving the rotating cylinder. Milling rates are known to be accelerated by such effects.
8) The vibratory mill belongs to a ball mill in a broad sense, and executes milling by vibrating a cylinder loaded with grinding medium. The charging ratio of balls loaded in the cylinder is known to have a large difference of being higher by about 80% compared with about 40~50% for a ball mill. Also, it has an advantage of having high milling rates since it can produce acceleration by more than a few times in comparison with gravitational acceleration.
9)
The size of balls loaded inside the mill is also known to affect pulverizability, and the residual amounts show a tendency of being reduced as the size of balls is reduced. Namely, although there is a tendency toward milling into smaller particles when the size of balls is small, it has a disadvantage of milling times being increased. 11) In the present study, fly ash was milled by using a planetary mill or a vibratory mill with respective characteristics as shown in Table 2 . Ball arrangements in Table 2 represent the results of selection based on the conditions for milling in the shortest time. To analyze milling characteristics of fly ash as functions of mill types and milling times, mean particle diameters and particle size distribution were measured by using a particle size analyzer, with the results shown in Table 3 and Fig. 4 . As indicated in Table 3 , the tendency in particle size reduction with milling time is gradually weakened, although mean particle diameters were reduced with an increase in milling times. This means that milling becomes more difficult, as the particle diameter becomes smaller, in agreement with the general grinding mechanism. Figure 5 shows observation of microstructures of fly ash milled for 1 h using a vibratory mill. Spherical fly ash was changed to fine particles with the spherical shape being broken, and considerable reduction in spherical fly ash could also be observed. Figure 6 shows XRD patterns of fly ash as a function of mill type and time. The main peak of quartz as the representative crystalline matter present in fly ash exists near 27 o , whose peak intensity was detected to be the highest under unground condition. While the peak intensity of the unground fly ash was 854 CPS (count/sec), cases of being lower than the unground case by the maximum of 188 CPS were also observed under the milling conditions in a planetary mill as well as a vibratory mill. It could be inferred that crystallinity became poor and amorphous contents were increased as a result of milling. However, while a change in peak intensities as a function of milling time did not exhibit a clear tendency, some samples also showed rather an increase in peak intensities as the milling time was increased (733 CPS → 762 CPS, 666 CPS → 762 CPS).
Vladimir Ronin et al. published activation caused by particle defects upon milling by a vibratory mill, ascribing crack and dislocation as representative particle defects.
9-10)
Various particle defects were also subjected to observation by using a transmission electron microscope in the present study, which is shown in Fig. 7 . As shown in Fig. 7 , defects presumed to be dislocation and crack could also be observed in the present study upon milling in a vibratory mill. Such 2) Planetary mill defects were considered to be capable of raising particle energy, where the raised particle energy could promote pozzolanic reaction in hydration process. 9) In fly ash milled in a planetary mill, however, the above defects could not be readily observed.
Preparation and evaluation of cement mortar
To evaluate strength characteristics of mortar mixed with fly ash as a function of mill types and times, physical experiments of cement mortar were conducted. For the physical experiments of cement mortar, mortar was prepared by substitution for 10% of the cement amount after milling the fly ash in a vibratory mill and a planetary mill. Specimens of 40 × 40 × 160 mm were produced after measurement of the mortar flow. Thus-produced specimens were cured in a constant-temperature water tank at 21 o C, followed by measurement of compressive strengths at the curing ages of 3 days, 7 days and 28 days. As indicated in Fig. 8 , the maximum mortar flow value was observed 197 mm for 60 min of milling time in a vibratory mill, and 198 mm for 20 min milling in a planetary mill. For the planetary milling, the mortar flow showed a tendency of increasing with increase with milling time. For the planetary milling, the mortar flow showed a tendency of increasing with increase with milling times up to 20 min. For the vibratory milling, the flow values decreased when the milling time was increased to more than 60 min. Figure 9 shows the measured results of compressive strength for mortar for different milling conditions and curing ages. Whereas the compressive strengths at 3 days, 7 days and 28 days were increased as the milling time was increased to 60 min upon milling in a vibratory mill, the compressive strength values rather showed the results of being reduced under the conditions beyond 60 min. The maximum compressive strengths under the milling condition of 60 min were 35.8 MPa at 3 days, 47.3 MPa at 7 days and 57.1 MPa at 28 days. The value for 28 day curing is higher by 4.1 MPa than that of unground fly-ash mortar and by 3.0 MPa than that of OPC. Upon milling in a planetary mill, the maximum value of compressive strength 55.1 MPa was found for 28 days curing of the mortar milled for 20 min. This value is higher by 2.1 MPa when compared with that of unground fly ash, and by 1.0 MPa in comparison with OPC. The maximum compressive strength obtained by planetary milling for 20 min is somewhat lower than that of vibratory milling for 60 min. Fig. 10 represents more clearly the variation of the compressive strength of the mortar cured for 28 days as a function of milling times. Although the compressive strength values were increased up to 60 min of milling times in a vibratory mill, a gradual reduction was observed afterwards. For the milling in a planetary mill, compressive strength was increased with increase in milling time.
The above results compare compressive strength values as a function of mill types and milling times, without reflection of the particle size characteristics of milled raw materials. The milling time dependence of compressive strength in Fig. 10 is shown similar to that of the mortar flow in Fig. 8 . Therefore, compressive strengths and flow values for the raw materials having the same or similar mean particle diameters should be compared and analyzed. In the present study, particle sizes of the ground raw materials were analyzed, as indicated in Fig. 8 . As shown in Table 4 , the milling conditions for having similar mean particle diameters were 20 min-11.2 μm, 60 min-5.9 μm for a vibratory mill, and 2 min-10.7 μm, 5 min-5.4 μm for a planetary mill. Namely, similar mean particle diameters around 11 μm were exhibited for the conditions of 20 min in a vibratory mill-2 min in a planetary mill, and those around 5.5 μm for the conditions of 60 min in a vibratory mill-5 min in a planetary mill. Compressive strength graph under these conditions is shown in Fig. 11 . Although no large difference was observed in compressive strength values as a function of mill type for the mean particle diameter of 11 μm, higher compressive strength values were manifested upon milling in a vibratory mill in the case of 5.5 μm. The compressive strengths for the mean particle diameter of 5.5 μm were 57.1 MPa in a vibratory mill and 53.1 MPa in a planetary mill, with the difference of 4 MPa.
Analysis of hydration characteristics
Cement paste specimens were prepared by controlling the content of mixed water to 40% in comparison with the content of powder (OPC + fly ash). Crystalline phases were analyzed by XRD and microstructures were observed after the prepared specimens were cured in a constant-temperature water tank at 21
Fly ash is a representative pozzolan material, and is a substance which causes hydration reaction upon use by mixing with cement as shown by the following expression.
However, pozzolanic reaction of fly ash is known to take place not at an early stage under general curing conditions but in hydration reaction for a long term. Thus, various measures to promote pozzolanic reaction are being studied, among which the milling technique has been utilized in the present study.
According to the analysis results of XRD patterns in Figs. 12 and 13, Ca(OH) 2 peak (18.2 o ) and ettringite peak (9 o ) could be observed in all XRD patterns. The above peaks correspond to typical hydrates observed in OPC hydrate, and hence the cements prepared in the present study could be presumed to exhibit hydration characteristics similar to those of OPC. Although the XRD pattern from 3 curing days had no large difference between 0 and 60 min milling in the peak intensity of Ca(OH) 2 , lower peaks could be confirmed for 7 curing days for the 60 min milling compared to no milling (0 min). Presumably, a faster pozzolanic reaction was induced by milling or grinding. However, such results need further supplementation and substantiation through additional experiments in the future.
Fig. 14 represents observation of the microstructures for the hydrate cured for 7 days using fly ash. It could be con- Fig. 11 . Compressive strength as a function of mean particle diameter. firmed that the fly ash present in the hydrate mixed with unground fly ash in Fig. 14 (a) showed almost no indication of hydration reaction. However, the hydrate mixed with ground fly ash shown in Fig. 14 (b) hydration reaction occurred in some parts so that fly ash interfaces could not be clearly distinguished. That is, cement hydrate and ground fly ash particles took part in pozzolanic reaction to generate a new hydrated substance at fly ash interfaces. Such characteristics of hydration reaction were considered to be an important aspect which contributed to the enhancement of compressive strength for mortar at an early stage.
Conclusions
In the present study, development of a manufacturing method of active fly ash from purified fly ash has been attempted, for which mill types and milling times, were controlled. In addition, physical characteristics of mortar mixed with ground fly ash were also analyzed, with the results being as follows.
1. Although quartz peak intensity for the ground fly ash was reduced in comparison with that under the unground condition, no tendency resulting from an increase in milling time was observed. Also, multitudes of particle defects presumed to be dislocation and crack were observed under the milling condition in a vibratory mill.
2. Flow of the mortar mixed with fly ash showed a tendency of increasing with increase in milling times. However, under milling for more than 60 min in a vibratory mill, the flow value decreased. The compressive strengths were increased with an increase in milling time in a planetary mill up to 20 min milling time. The maximum value at 20 min by planetary milling is somewhat lower than that of 60 min by vibratory milling.
3. When the mean particle diameter of ground fly ash about 5 μm is compared, more excellent compressive strength characteristics were observed for the milling in a vibratory mill rather than in a planetary mill. This was attributed to the fact that cracks, dislocations, etc. existing inside fly ash particles had an effect on hydration reaction (pozzolanic reaction) by milling in a vibratory mill.
4. For the increased utilization of the fly ash, a vibratory mill rather than a planetary mill should be used, and an optimum milling time should be found, since the prolonged milling deteriorated the physical properties. Optimum milling condition promotes the pozzolanic reaction in cement hydration process due to the defects produced inside the fly ash particles.
